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Synthesis and characterization of a novel inulin 
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 A novel  hydrogel was obtained by esterification between inulin and PMDA in 
a one-pot synthesis 
 
 The physicochemical properties of the hydrogel were characterized using a 
range of techniques including Flory-Rehner theory to establish crosslinking 
density 
 
 Hydrogels with different crosslinking density were obtained by varying the 
ratio of PMDA to inulin in the esterification 
 
 The hydrogels demonstrated pH dependent swelling that was inversely 


































Smart hydrogels with pH and enzyme triggered release suitable for colon specific 
drug delivery were prepared by crosslinking inulin with pyromellitic dianhydride 
(PMDA) in a simple one pot synthesis. Back titration, Fourier transform infrared 
spectroscopy (FTIR) and ultraviolet spectrophotometry (UV) demonstrated that the 
hydrogel crosslinking reaction resulted in ester linkages and carboxylic acid groups 
and that the amount of the crosslinker in the hydrogel increased with increasing 
PMDA concentration in the crosslinking reaction. Thermal analysis and scanning 
electron microscopy (SEM) confirmed the chemical change by illustrating the 
hydrogels changed thermal properties and appearance compared to inulin. This 
hydrogel showed excellent swelling in water and the degree of swelling was 
inversely proportional to the cross-linking density, as determined using Flory-Rehner 
theory. Due to the presence of the carboxylic acid groups in the structure, the 
swelling was pH dependent, with significantly reduced swelling as acidity decreased 


















Inulin is a natural fructan commonly found in plants such as chicory, dahlia, 
Jerusalem artichoke [1] as well as edible fruits and vegetables such as onion, leek, 
garlic and banana [2]. Inulin consists of linear chains of fructosyl groups linked by 
β(2→1)  glycosidic bonds and terminated at the reducing end by an α-D-(2→1)-
glucopyranoside ring (Figure 1) [3]. The widespread use of inulin in food and 
pharmaceutical industries can be ascribed to its desirable properties common to 
many polysaccharides such as biocompatibility, biodegradability, renewability and 
non-toxicity reflected in its Generally Recognized as Safe (GRAS) status granted by 
the Food and Drug Administration (FDA). Further, the multiple hydroxyl groups when 
combined with the unusually flexible backbone structure of inulin and its increased 
solubility compared to other polysaccharides means it is readily chemically modified, 
making it an adaptable platform for a variety of pharmaceutical functions. These 
include use as an excipient, protein stabilizer [4-8], drug dissolution enhancer [9, 10] 
vaccine adjuvant [11, 12] and cancer inhibitor [13-15] as well as for clinical 
measurement of kidney function [16, 17]   lipid-lowering [18], glucose control [19], 
gastrointestinal tract treatments (dietary fibre, prebiotic, IBS and constipation) [20-22] 
and finally in drug delivery [23] including targeted colon delivery [24-26]  and 
pulmonary delivery [27]  
 
Similarly to many polysaccharides, the chemistry and structure of inulin allow 
physical or chemical crosslinking into tridimensional polymeric networks called 
hydrogels. These hydrogels are capable of soaking up large amounts of aqueous 
solution, such as physiological fluid and yet remain insoluble [28-31]. The excellent 
swelling ability, permeability and biodegradability make polysaccharide-based 
hydrogels ideal drug delivery vehicles. Several approaches for obtaining inulin 
hydrogels have been reported in the literature such as chemical modification of inulin 
with methacrylate groups using methacrylic anhydride or glycidyl methacrylates, 
followed by direct crosslinking through radical chemistry,[32] UV irradiation [33] and 
through linkers such as succinic anhydride (SA),[34] diacrylates[35] and a 
















directly as an inulin crosslinker [38] and succinic anhydride modified inulin was 
crosslinked with α,β-polyaspartylhydrazide using peptide coupling chemistry [39]. 
This crosslinking of inulin resulted in new biomaterials that were exploited for drug 
delivery and biomedical applications encapsulating various drug molecules such as 
ibuprofen [40], diflunisal [34], 2-methoxyestradiol [41], flutamide [42], prednisolone 
[36], oxytocin and glutathione [39]  and also proteins including immunoglobulin G 
(IgG) [33], bovine serum albumin and  lysozyme [26] and the latter two examples 
exploiting inulin’s unique properties for delivery to the colon.  
 
Inulin has great utility for colon delivery as it is not digestible to native human 
enzymes, but digested by bifidobacteria in the gut [26, 36, 43, 44] and so drug 
delivery platforms can be designed to degrade in the colon for drug release. 
Carboxylic acid groups have also been incorporated into the hydrogel through a 
reaction with succinic anhydride to improve the water swelling as well as conferring 
pH dependent swelling properties [45]. This translates to better drug loading and pH 
tuneable release, minimizing release under the acidic conditions in the stomach. 
Examples of this include the report by Castelli et al who synthesized inulin hydrogels 
with pH dependent swelling properties by modifying inulin with methacrylic anhydride 
and then succinic anhydride before UV crosslinking [34]. This synthesis method was 
time consuming employing multiple 24 hour reaction steps coupled with separation 
of the intermediate product via cationic exchange before hydrogel formation by UV 
radiation. Similarly, another pH sensitive inulin hydrogel was synthesized by reaction 
with divinyl sulfone and then succinic anhydride, before crosslinking the derivative 
with a tri-thiolated reagent to form a hydrogel [41]. Again, this process was time 
consuming (about 56-96 hours), requiring a three step process before formation of 
the hydrogel as well as cationic exchange for separation of intermediate products. 
The currently reported methods clearly show the benefit of an alternative synthesis 
method that circumvents the time consuming, multiple step processes used for the 
synthesis of pH sensitive inulin hydrogels.  
 
Dianhydrides provide a convenient method to crosslink many materials due to their 
ready reactivity with nucleophiles, such as the hydroxyl groups on polysaccharides. 
















superabsorbent hydrogels with polyvinyl alcohol as well as from modified 
polysaccharides such as chitosan and cellulose acetate [45-48].  
In addition, the formation of colloidal nanoporous materials (nanosponges) by 
crosslinking cyclodextrins [49] and maltodextrin [50] with pyromellitic anhydride has 
been reported using one-pot reactions with potential for encapsulating drugs/organic 
substances for pharmaceutical and biomedical applications. Furthermore, a 
cyclodextrin based nanosponge with ester linkages has been reported by 
crosslinking with a polycarboxylic acid using dianhydrides and showed excellent 
swelling in water (25 fold weight increase) [51]. 
We hypothesized that the chemical cross-linking between inulin and varying amount 
of PMDA will produce novel pH sensitive hydrogel with different degree of 
crosslinking density. The aim of this study is to crosslink inulin with PMDA via 
esterification reaction to produce pH sensitive hydrogel. To our knowledge, this is the 
first report that uses PMDA to crosslink inulin in a novel room temperature one pot 
synthesis through esterification of inulin hydroxyl groups. The smart inulin hydrogels 
were prepared from inulin according to the procedure outlined in Figure 1 and table 
1. This process constructs an inulin hydrogel more conveniently than previous 
procedures, introducing ionizable carboxylic acid groups in the same step that forms 
the hydrogel structure, creating a smart platform with potential as carrier for colon 
targeting delivery.  
 




















Table 1 showing the different amount of crosslinker in the hydrogel synthesis 
       Hydrogel         Inulin (g)    PMDA (g) Inulin OH mmol/PMDA   
mmol Ratio 
IN93HY1 0.5 0.134 15 
IN93HY2 0.5 0.268 7.5 
IN93HY3 0.5 0.402 5 
 
2. Experimental  
2.1 Materials  
 
Inulin from Dahlia Tuber with average chain length (DPn) 39.2 and MWn = 6381.7 as 
determined by 1H NMR method previously reported by Barclay et al. [52] (Table S1, 
Figure 1A and 2A  from supporting information), PMDA, dimethylformamide (DMF) 
99.9 %, triethylamine, hydrochloric acid, diethyl ether, ethyl acetate, hexane, 
chloroform, phosphate-buffered saline (PBS) tablets were all purchased from Sigma-
Aldrich Australia. Sodium hydroxide obtained from Ajax FineChem (Australia), 
acetone from Merck (Australia) and ethanol from Thermo Fischer (Australia). All 
chemicals were of analytic grade and used as received. High purity water was 
obtained from a Sartorius™ Arium pro Ultrapure Water System operating at 18.2 
MΩ. 
2.2 Hydrogel synthesis 
 
Before synthesis, the raw inulin from Sigma was dried for 24 hours at 70°C to 
remove any traces of water. Inulin (0.25g, 4.725 mmol OH group) was solubilized in 
DMF (2 mL) under constant stirring at 400 rpm. Then PMDA (0.6, 1.22 and 1.84 
mmol) was dissolved separately in DMF (2 mL) under constant stirring (400 rpm). 
After complete dissolution of inulin and PMDA, the solutions were mixed with 
vigorous stirring at 400 rpm for 2 hours before the addition of triethylamine (400μl) 
resulting in increased viscosity, changing from a solution to a gel in less than 5 
minutes. The reaction was continued at room temperature for 24 hours before the 
hydrogel product was removed from the flask and cut into small pieces of 
















and then washed with high purity water for 10 days, removing the solvent and 
unreacted reagents. [53, 54] The effectiveness of the washing was confirmed by 
monitoring the wash liquid for the presence of PMDA by UV absorption.  
 
The final product was dried at 25 °C for 4 days and then stored in a desiccator.  
2.3 Determination of the carboxylic acid content  
 
The carboxyl acid content of the inulin hydrogel was determined using acid-base 
back titration. Each hydrogel batch (100mg) was added to an excess of sodium 
hydroxide solution (0.1 M, 20 mL) and stirred for 24 hours to allow for complete ester 
hydrolysis. The excess amount of sodium hydroxide was then titrated against 
hydrochloric acid (0.1 M) using phenolphthalein as an indicator. The carboxyl content 
in miliequivalents per 100g of the hydrogel was calculated using the equation below.  
                       
                                  % COOH content =
{(Vb− Va) X M X 100 }
W
                     (1) 
 
Where Vb is the volume of hydrochloric acid used for the back titration in the absence 
of the sample, Va is the volume of acid used in present of the sample, M is the 
concentration of the hydrochloric acid and W is the weight of dried hydrogel sample 
used in the titration.  All experiments for the titration were performed in triplicate and 
average value reported.  
 
2.4 UV spectrophotometry 
 
Hydrogel hydrolysates were analysed for aromatic rings from the crosslinker using a 
Thermo Evolution 201 UV-VIS spectrophotometer Thermo Fisher Scientific (USA) 


















2.5 Characterization of the smart hydrogel using Fourier transform infrared 
spectroscopy (FTIR) 
 
FTIR spectra of inulin, PMDA and inulin hydrogel samples were obtained using a 
Shimadzu FTIR-8400S Spectroscope (Japan) from freeze-dried material prepared 
into KBr discs by grinding the sample (2 mg) and KBr (100mg; FTIR grade) to a fine 
powder. The powder was then compressed into discs using 8 tonnes of pressure. 
The final disc produced were scanned from 4000 to 400 cm-1 using 32 scans with a 
resolution of 4 cm-1.  
 
2.6 Thermogravimetric analysis (TGA) 
 
Inulin, PMDA and hydrogel were weighed (6 ± 0.1 mg) and TGA analysis was carried 
out using a Thermogravimetric Analyzer Discovery TGA 550 (USA) under a nitrogen 
flow of 10 mL min−1 with a heating rate of 10°C/min between room temperature and 
500°C.  
 
2.7 Differential Scanning Calorimetry (DSC)  
 
DSC of the inulin hydrogel and raw inulin sample was carried out using a Discovery 
DSC TA Instruments (model Discovery DSC 2920 USA) calibrated with an indium 
standard. Dry samples (2 ± 0.1 mg) were analyzed by heating from room 
temperature to 250°C at a rate of 10 °C/min under a nitrogen atmosphere 
(10 mL min−1).  
 
2.8 Scanning electron microscope (SEM)   
 
SEM was conducted using a Zeiss Merlin Field Emission Gun Scanning Electron 
Microscope (Germany). Prior to the analysis, inulin hydrogels were swollen in 
distilled water for at least 48 hours before freeze drying. The samples were then 
placed on double side tape before sputter coating with platinum (approximately 5 
nm) and then examined using an accelerating voltage of 2-5 kV.   

















The swelling characteristics of the synthesized hydrogels were determined at 37°C in 
hydrochloric acid (HCl; 0.1 M) as well as citrate (0.1M and pH 4.5) and PBS (pH 7.4, 
0.01 M) buffers prepared from high purity water (more detail on buffer preparation in 
supplementary information) and all measurements were conducted in triplicate and 
average value reported. The smart hydrogels were taken from the swelling medium 
at specific intervals and blotted with tissue paper in order to remove surface water 
and then the swollen hydrogel was weighed. The following equation was used in 
calculating the swelling ratio (2) and the percentage of swelling (3)  
                     
                             The swelling ratio of the hydrogel  =
(Ws− Wd)
Wd 
                         (2) 
                        
                                               %S  =
(Ws − Wd)   X 100   
Wd 
                                             (3) 
                                     
Where Wd represents the dry weight of the hydrogel before swelling WS is the weight 
of the hydrogel at different time intervals during the swelling. 
2.10 Crosslinking density determination using Flory-Rehner Theory  
 
About (~100mg) of samples from IN93HY1, IN93HY2 and IN93HY3 hydrogel 
batches (Hydrogel synthesized from 0.6, 1.22 and 1.84 mmol PMDA respectively) 
were allowed to swell in eight different solvents with different solubility parameters 
(see Table 1) for 10 days in the dark in order to reach equilibrium. The weight of the 
swollen hydrogel was determined before and after removing the solvents by vacuum 
drying. The maximum swelling at equilibrium and percentage swelling was 
determined using equations (2) and (3) above respectively. The determination of the 
crosslinking density and average molecular weight between cross-links was obtained 
from the equilibrium swelling data for the best solvent (water) using Flory-Rehner 
Theory. The density of the different hydrogels was determined with a pycnometer 
using hexane as the solvent. All experiments for the density measurement 
were performed in triplicate and average value reported.  
 
Table 2: Solvents Solubility Parameters [47, 55].  
















Solvents Solubility Parameters (cal/cm3)1/2 
  
Ethyl Ether     7.4 
Ethyl acetate                                           








   26.2 
   23.4 
   12.1 
 
 
In this hydrogel swelling experiment, we assumed affine deformation which enables 
the calculation of the crosslink density using equation 4 below.[47]  
 
                                           ν =
[ln(1 – 𝑉𝑟)+ 𝑉𝑟 + 𝜒 𝑉𝑟2 ]
ρ V1 (𝑉𝑟1/3  – 𝑉𝑟/2) 
                                (4) 
Where ν represent the crosslink density of the hydrogel, ρ is density of the hydrogel, 
𝜒 is the parameter of interaction between the solvent and polymer (see equation 7) 
and Vr is the polymer volume fraction or reduced volume calculated from equation 5. 
                                                    Vr = [1 +   ρ/ρs (Ms/Md − 1)]           (5) 
Where Ms is the swollen polymer weight, Md is the weight of the dried hydrogel 
before swelling experiment and ρs is the density of the solvent 
 
Average molar mass between crosslink points (Mc) is then calculated from equation 
6 below  
 
    ν = ρ/Mc                                           (6) 
Based on Flory and Rehner theory, three forces control the swelling of hydrogel and 
this can be simplified as shown in equation 7 [56]. The controlling forces during 
swelling are the positive change in entropy caused by the mixing the solvent and 
polymer, the opposing negative change in the entropy caused by the elasticity of the 
gel as it swells due to the reduced number of chain conformations possible in a 
crosslinked network and the enthalpy of mixing of the solvent and polymer[56]. 
















Where the forces imposed entropy and enthalpy are represented by s and h 
respectively.                                         
When the hydrogel swells to equilibrium, it is assumed that the contribution of the 
enthalpy component (h) is negligible meaning that the parameter of interaction 
between the solvent and polymer, , is equal to the contribution from the s entropic 
component only [47]. In this work, the literature value of 0.473 for dextran was used 
for the Flory polymer-solvent interaction parameter for inulin [57] because currently 
there is no literature value for inulin. In these swelling experiments, all the hydrogels 
had maximum swelling in water and so the solubility parameter equal that of water. 
The maximum swelling in equilibrium which is represented as Q was determined 
from the equation 8 below 
 
                                                            Q =   
 (Ms – Md)  
Md x ρ  
                       (8) 
Where Ms is the swollen hydrogel weight and Md is the weight of the dried hydrogel 
before swelling experiment. 
 
3. Results and discussion  
3.1 Hydrogels synthesis 
 
Preparation of the hydrogel 
The preparation of the smart inulin hydrogel proceeded by the esterification of 
hydroxyl groups from inulin with the PMDA crosslinker using triethylamine as a 
catalyst (Figure 1)[55]. This process resulted in the formation of a three dimensional 
polymer network that swells rapidly in water with a small proportion of grafting of 
monoester species possibly for the highly crosslinked hydrogels. By varying the ratio 
of the crosslinker used in the reaction, hydrogels of different crosslinking density 
were obtained (Figure 1) demonstrated by changes in the physical appearance of 
the hydrogel. Hydrogel synthesised with low amounts of PMDA was milky white 
while higher amounts revealed a glassy transparent appearance. Preliminary work 
















formation of a hydrogel with 0.25 grams of inulin with the right amount of crosslinking 
for satisfactory mechanical and swelling properties. This is because hydrogels 
formed with less than 100mg of PMDA had poor integrity and were easily eroded 
during washing and too much PMDA resulted in hard, glassy hydrogels with poor 
swelling. 
 
3.2 Carboxylic acid  
 
Each anhydride ring opening of PMDA in the esterification with inulin results in the 
formation of one carboxylic acid group in the crosslinker. Consequently, 
determination of the number of free carboxylic acid groups in the polymer network 
provides information on the extent of crosslinking in the smart hydrogel. Back 
titration of hydrolysed hydrogels demonstrated the expected increase in carboxylic 
acid content with increased PMDA in the crosslinking reaction from 0.134g to 0.402g 
(see Table 3). The ionic carboxylate pendant groups confer the hydrogel with pH 
sensitive properties that can be tuned and utilized as a trigger for its swelling and 
release of encapsulated drugs from the hydrogel. 
 
Table 3 showing the Total carboxylic acid content (mEq/100 g) of the hydrogels 
 
Hydrogel Hydrogel amount    
(mg) 
Vb –Va(mL) Total carboxylic acid content    
(mEq/100 g) 
IN93HY1 100 3.2 315.2 
IN93HY2 100 4.8 472.8 
IN93HY3 100 7.2 709.2 
 
3.3 UV spectrophotometry 
 
The UV spectra of the hydrogels after alkaline hydrolysis with sodium hydroxide 
shows an increase in the absorption maxima at ~ 295 nm attributed to π-π∗ 
transitions of PMDA aromatic group moiety in the crosslinking agent [45, 58]. This 
result clearly demonstrates that crosslink density increases with increasing PMDA in 
the crosslinking reaction (Figure 2) [45]. This finding is also consistent with the visual 
















    
      Figure 2: UV spectrum of Inulin-PMDA hydrogel after alkaline hydrolysis 
 
3.4 FTIR Analysis  
 
 FTIR was used to confirm the formation of new biomaterial from the crosslinking of 
inulin with PMDA. The pure inulin is characterized by bands at 3363 cm-1, 2926 cm-1, 1028 
cm-1 that are assigned to OH stretching, aliphatic CH2 stretching and COC bending 
respectively.[10] Other important bands include those at 1170 cm-1, 934 cm-1, 873 cm-1, and 
817 cm−1 and two shoulders at 1132 cm -1 and 986 cm-1 (Figure A1 supporting data) [10] The 
hydrogel has new absorption bands in the FTIR spectrum attributed to carbonyl 
groups (C=O) at 1729 cm-1 and 1395 cm−1 and to the ester linkages at 1592 cm−1. 
There is also a new band at 713 cm−1, attributed to the aromatic ring out of plane 
angular vibration from the C-H bond of the pyromellitic group.  
The hydrogel has new absorption bands in the FTIR spectrum attributed to carbonyl 
















the carboxylic acid moieties (Figure 3A and 3B) [47, 59]. There is also a new peak at 
713 cm−1, attributed to the aromatic ring out of plane angular vibration from the C-H 
bond of the pyromellitic group.  
 
 






















TGA analysis was used to assess the thermal stability of the raw inulin and hydrogel 
samples. The TGA results show that the hydrogels have lower thermal stability when 
compared to inulin due to the formation of the relatively thermally unstable ester 
linkage formed during crosslinking reaction, as previously noted in the literature for 
related ester products [47, 60-62]. The TGA thermograms of the starting materials 
are in Figure 4 which shows that PMDA thermally degrades between 271°C and 
283°C. The thermogram of pure inulin in Figure 4 shows the major weight loss of ∼ 
55% occurs due to the degradation of the inulin backbone in the temperature range 
of 225°C to about 320°C and is consistent with the result obtained by Dan et al [63]. 
TGA of the smart inulin hydrogels shows that all hydrogel have similar thermal 
degradation behaviour that contrasts to raw inulin, with three stages of weight loss 
events. The first stage was due to the loss of water content and volatile materials in 
the hydrogel [47] followed by degradation of ester crosslinks and the third stage is 
















thermal event results in weight loss of about 6.35, 5.88 and 5.67% for hydrogel 
IN93HY1, IN93HY2 and IN93HY3 respectively. The thermograms of the hydrogels also 
result in greater residual weight than inulin (between 30.5 to 31.5%) after the TGA 
analysis possibly due to the increased carbon - carbon network, thermo-oxidative 
stability and heat resistant properties of the crosslinker [64]. The thermal degradation 
properties of the hydrogels provides physical confirmation of the chemical analysis of 
the inulin derivative formed by the crosslinking of the inulin chains by PMDA. Despite 
the reduction in the thermal stability of the hydrogel compared to inulin, it is clear that 
the hydrogel samples are quite stable and its stability will not be affected at the 
physiological temperature (37). 
 
 




















The DSC of the pure inulin sample shows endothermic transitions occurring between 
~ 167 ºC and 185 ºC due to melting of various semicrystalline isoforms [65, 66] with 
possibly a glass transition occurring concurrently with initial melting at 167ºC [65] 
before the degradation at 226 oC (Figure 5). Contrasting to the unmodified inulin, the 
hydrogel DSC is characterized by endothermic peaks between 179,184 and 186 ºC 
for INU93HY2,  INU93HY1 And INU93HY3 respectively that are due to the 
degradation of the ester bond followed by broad exothermic transitions for all the 
hydrogels due to reactions such as dehydration and formation of anhydrides from the 
carboxylic acid groups and inulin OH group in the hydrogel [67]. This is consistent 
with results obtained from other polysaccharides and modified polysaccharides such 





















3.7 Scanning electron microscope (SEM) 
 
The SEM from Figure 6A-D clearly shows changes in the surface morphology of 
inulin after crosslinking with PMDA. Pure inulin appears as spherical smooth aggregates 
[63, 69] typical of spray dried powders. (Figure 6A) In sharp contrast, the crosslinked 
material is comprised of more irregular flakes of material (Figure 6B-D) that appear to have 
folded ridges. The fractures in the material also seem to suggest that the hydrogel is rigid 
and brittle when dried. This result is in accordance with the literature, which reports that 
crosslinking polymers with PMDA result in the formation of irregular sponge like materials. 
[45, 70] 
        
 
 
Figure 6 SEM images of raw inulin (A) and the different hydrogels IN93HY1 (B), 
IN93HY2(C) and IN93HY3 (D) 
 
3.8 Swelling  
 
Swelling experiments were performed in water and buffers at 37°C. Figure 7A shows 
















by plateauing of the swelling ratio up to 24 hours for all three hydrogels. 
Consequently, 24 hours of immersion was taken as the equilibrium swelling time for 
subsequent measurements. For comparison, hydrogels obtained from PMDA 
crosslinking exhibited high swelling capacity in water than previously reported pH 
responsive inulin hydrogel. The swelling ratio of INU-PMDA in water was greater, 
around 19.2 compared with 3.5 and 6.5 for other pH sensitive inulin hydrogel. [34, 
71] Figure 8 also shows that increasing crosslink density results in reduced swelling 
and this behaviour was consistent in the swelling experiments performed in buffers 
(Figure 7B) and makes sense as higher crosslink density restricts the swelling of 
hydrogel due to more compact hydrogel structure [72, 73].  In the buffers, each of the 
hydrogels had a significant increase in swelling with increasing pH from 1.2 to 7.4.  
At low pH, less swelling is observed due to the presence of protonated carboxylic 
acid groups and as the pH increases the carboxylic acid groups are deprotonated 
and swelling increases [59]. 
This behaviour is attributed to deprotonation both increasing electrostatic repulsions 
[34] between these groups, opening up more space in the structure, and increasing 
the osmotic pressure of the hydrogel, driving water into the structure [59, 74] Similar 
behaviour has been reported for pH sensitive inulin hydrogels prepared with pendant 
carboxylic acids groups by modification with acrylic acid [59] and succinic anhydride 
[34]. This property enables targeted release of drugs encapsulated into hydrogel as 
reduced swelling in the acidic environment of the stomach allows the hydrogel to 
protect the encapsulated drug from degradation and prevent premature release in 
the stomach. Release is then promoted by increased swelling at neutral pH in the 
colon, encouraging further testing for the potential use of this hydrogel in colon 


































Fig. 7 (B) Swelling ratio in HCl (0.1N, pH 1.2), citrate buffer (pH 4.5), PBS (pH 7.4) 
     
3.9 Crosslinking density determination 
 
Characterization of the parameters of the hydrogel network, such as crosslink 
density and average molecular weight between cross-links, is important as these 
aspects determine the amount of solvent that the hydrogel can absorb. In the initial 
swelling experiment, seven different solvents were tested and all the smart hydrogels 
had the best swelling in water. This result indicates the polymeric network formed 
during the crosslinking of inulin and PMDA is dominated by hydrophilic character due 
to the carboxylic acid pendant groups and inulin’s hydroxyl groups despite the 
hydrophobicity of the PMDA aromatic group. Hydrogel IN93HY1 gels show 1540 % 
swelling in water at 25 ºC when compared to its dry mass and this excellent water 
absorption means the hydrogel is defined as superabsorbent (swelling percentage of 
the hydrogels in the different solvents is reported in Table A2 of the supplementary 
















the swelling capacity of the hydrogels formed was diminished as was the average 
molecular weight between cross-links and the crosslinking density increases (Table 
4). This is in agreement with the back titration and UV chemical analyses and makes 
sense as the increased incorporation of PMDA crosslinker in the hydrogel reduces 
the space between crosslinks on the inulin chains, increases the number of 
connections between inulin chains and reduces the space for solvent 
accommodation, which ultimately results in less swelling. 
Table 4 Structural characterization of the hydrogel using Flory-Rehner theory 
                           Hydrogel              
IN93HY1 
   IN93HY2           IN93HY3 
Percentage of absorption in the 
equilibrium (% S) 
1540 648 502 
Maximum swelling in the 
equilibrium QMax (cm3/g) 
15.4 6.48 5.02 
Reduced Volume Vr 0.045 0.088 0.109 
Density of the gel ρ2(g/cm3) 1.498 1.59 1.6153 
Solubility parameter of the 
hydrogel,δ2 
23.4 23.4 23.4 
Interaction parameter polymer-
solvent 
0.473 0.473 0.473 
Density Crosslink,  (g/cm3) 3.84 x 10-3 8.07 x 10-3 1.06x 10-2 
Average  Molar Mass between 
crosslink points (Mc) 
390.6 197.03 152.39 
 
4. Conclusion  
A novel, smart inulin hydrogel with carboxylic acid pendant groups at each cross-
linking site was synthesized via esterification of inulin with PMDA at room 
temperature in a simple one pot synthesis. Physicochemical characterization of the 
new polymeric material was performed using techniques such as back titration, 
FTIR, TGA, DSC, UV, SEM and swelling experiments. By varying the ratio of PMDA, 
hydrogels with different crosslinking density can be obtained. Importantly, the high 
swelling in water is pH dependent and supports further investigation of this hydrogel 
as a potential carrier for colon targeting delivery in which the swelling and 
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